• Remote sensing techniques allowed us to trace the time averaged effusion rate (TADR) and magma supply rate (SR) during the Fogo 2014-15 eruption
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Growth of a Lava Flow Field: The 2014-15 Effusive Eruption at Fogo
41
When an effusive eruption starts, the maximum distance that a flow can travel can be 42 easily estimated on the basis of the measured peak effusion rate [1] [2] [3] [4] . However, when 43 lava tubes develop within a flow, these prevent lava from cooling, increasing its ability to 44 cover longer distances [3, 5] . Lava tubes are normally hidden below tens to hundreds of 45 meters of lava and thus it's not easy to detect them [3, 6] . The increasing use of remote 46 sensing techniques allows a more accurate and faster detection of lava tube formation [7] , 47 and is essential for hazard assessment and risk mitigation [4, 8] . 48 
49
The general shape of a complex lava flow field is defined by a few arterial lava flows 50 generally displaying aa texture, with its outline modified by secondary lava flows normally 51 having a pahoehoe surface [2, [9] [10] . When lava tubes develop within complex lava flows, 52 their hidden path is revealed by the distribution of ephemeral vents or breakouts [3, [11] [12] . The 2014-15 eruption was jointly monitored by researchers from the University of Cape 134
Verde (UNICV) and from the Instituto Volcanológico de Canarias (Canary Islands) directly 135 in field, and remotely by the Istituto Nazionale di Geofisica e Vulcanologia -Osservatorio 136
Etneo (INGV-OE) of Italy through satellite images [30] . The amount and quality of data 137 collected during the eruption allowed us to reconstruct the expansion of the lava flow field 138 even during the phases of inflation and endogenous growth, leading to the identification of 139 a master lava tube that was eventually responsible for the destruction of the villages of 140
Portela and Bangaeira. 141
The chronology of the eruption described in this paper has been obtained through almost 142 daily field surveys carried out by several authors of this manuscript, and using photos and 143 thermal images, as well as through satellite images (i.e. Landsat-8 OLI, EO-1 ALI, 144
Pléiades) and time-lapse frames recorded from a fixed monitoring camera. The fixed 145 camera was installed by INVOLCAN on 27 November 2014 on a 4-m-high pole located at 146 the S entrance of the Cha Caldera valley (Fig. 1c) , allowing a view from the S and from a 147 distance of ~2 km away from the eruptive fissure and proximal lava flow field. It recorded 148 frames every 4-5 seconds from 30 November 2014 to 27 January 2015, turning to infrared 149 at dusk. Camera failure caused a lack of image acquisition between 1 and 12 December 150 2014. The morphology of the lava flow field has been analyzed using the images freely 151 available in Google Earth and acquired on 2 March 2016 (Image c 2016 CNES / Astrium). 152
With the aim of identifying the hidden path of lava tubes within the lava flow field, we 153 analyzed the lava flow morphology from the images freely available in Google Earth. 154
Plume SO2 flux measurements were performed along road traverses using a mini-DOAS. 155
The mini-DOAS instrument is based on an Ocean Optics USB2000 UV spectrometer, 156 which collects the UV radiation via an optical fiber coupled to a vertically pointing 157 telescope [42] [43] . The instrument position was tracked using a handheld Global 158
Positioning System (GPS) receiver. The mini-DOAS measures the SO2 column density in 159 parts per million per mass at every measurement point along the plume transect. 160
Integrated path values were obtained by adding the products of the SO2 column density 161 and perpendicular displacement for each segment along the path. The SO2 emission rate 162 was obtained by multiplying the integrated path values by the average wind speed. 163
Using the daily SO2 flux estimations, we calculated magma degassing rates and volumes 164 of magma degassed in the period between 28 November 2014 and 7 February 2015. The 165 total volume of degassed magma (Vd) was calculated using [32] : 166
where Vs is the volume of elemental sulphur, [S] is the weight fraction of sulphur degassed 168 per unit of magma, x is the crystal fraction and ρ is the density of magma. We used a 169 value of 10% [44] 
Chronology of the eruption 200
The first few days of the eruption were characterized by sudden changes in the eruptive 201 activity and fast growth of the lava flows. The main events are summarized in Table SI1 , 202
and Figure 2a growing cinder cones and forming several lava branches overlapping Flow 1 (Fig. 3b) . This 245 activity also continued the following days ( Fig. 3c-d) , and lava emerging from Vent 1 246 gradually built a tumulus (Fig. 3d) . Vent 1 drained lava from the cinder cones on the upper 247 fissure for three days before a significant decline of the explosive activity was observed at 248 the summit vents, accompanied by a reduction of the surface temperature at the cones 249 along the fissure and in the upper lava flow field (Figs. 3d-e). On 30 Nov, most of the 250 cinder cones along the eruptive fissure were already built up, and the uppermost tumulus 251 and lava channel fed by Vent 1 began sealing over, forming several skylights along its 252 path, and thus revealing the presence of a proximal lava tube (Fig. 3e ). Explosions and 253 pulsating ash emission occurred along the uppermost fissure, indicating a lower magma 254 level when compared to the previous lava fountain activity [54] . On 30 Nov, the time-lapse 255 images from the fixed monitoring camera installed at the S end of the Cha Caldera 256 became available (Fig. 1c) , showing a fast and continuous sealing of the upper lava tube 257 and occasional overflows from Vent 1. In general, when explosive activity at the summit 258 vents along the fissure was increasing, we observed a decrease in the explosive and 259 degassing activity at the skylights along the upper tube, and vice-versa, indicating that the 260 two systems were connected at a shallow depth. 261 In early December, the front of Flow 2 reached the N cliff of Bordeira, where it slowed 281 down and inflated (Fig. 2a) . At that time, most of the master tube within Flow 2 had already 282 formed, and only ephemeral vents along the uppermost lava flow field were feeding small 283 lava lobes on the flow surface (Fig. 2c) . At this stage the lava flow field began expanding 284 W through a second-order ephemeral vent, giving rise to initial Flow 3, whereas Flow 1 285 was already inactive, and most of the surface of Flow 2 between Vent 1 and Portela was 286 crusted over (Fig. 2c) . On 7 December, two first-order ephemeral vents [3] opened at the E 287 margin of the Flow 2 front and at the exit of the lava tube that was already ~ 5.7 km long. 288
These vents were discharging lava towards Portela and Bangaeira at a high rate, thus 289 expanding the lava flow field a further ~1 km by 16 December (Fig. 2c) . From this date to 290 the end of December, the lava flow field widened by westward expansion of Flow 3 (Fig.  291 2d-e). Also this flow stopped, widened and inflated as soon as it reached the W cliff, but 292 did not expand further because its supply was eventually cut off. From the end of 293 December (Fig. 2f) to the end of the eruption (Fig. 2g) , only small third-order ephemeral 294 The levees were ~1 m high outside the channel and above the pahoehoe sheet flow, and 307 ~2 m high inside the channel. The aa surface inside the channel was 2 m lower than the 308 levees, indicating drainage of the channel and possibly erosion of the base. In the lower 309 portion of the channel there was a break in slope where the inner coating was detached 310 from the walls and collapsed within the channel. This inner coating was a mere 10-cm-311 thick layer, suggesting that the channel was not active for long (only 1 coating) and that 312 lava feeding it was rather viscous (indicated by the thickness of the coating; [13]). In fact, 313
Flow 1 was only active for 6 days and intermittently fed by overflows from the S rim of the 314 fissure (Figure 3b-d) . Further down along the channel and a few meters below this site, the 315 inner coating was jammed in the middle of the channel forming a significant obstruction, 316 and the channel disappeared below aa flows coming from overflows both from the channel 317 and from the fissure. The intermittent supply and fast drainage of the channel were 318 apparently responsible for its instability and blockage, deactivation, and for the lack of a 319 lava tube within this flow. As already observed [3,5] a steady supply is the key requirement 320 for lava tube formation. Further N, the eruptive fissure gave rise to several lava benches along the fissure crossing 323 the cone. These benches were formed by lava stagnating at progressively lower levels 324 while the fissure was propagating along the cone and down slope (Fig. 7a) . During this 325
propagation, at the base of the cones it formed 3-4 layers of overlapped bubbly grey lava 326 ~30-50 cm thick suggesting a temporary lava pond, just where Vent 1 was located (Fig.  327   7a) . This pond eventually broke when the eruptive fissure propagated down slope, 328
confirmed by a fracture crossing it. The dike emptied from the base of the fracture, giving 329 rise to pahoehoe sheet flows spreading like a fan. We have found a lava pond about 20 m 330 down slope from the base of the fissure that eventually drained completely forming a 331 skylight (Fig. 7a-b) . At the base of this skylight there was a lava tube ~2-3 m in diameter 332 and located ~20 m below the topographic surface (Fig. 7c) . About 50 m down slope from 333 this pit a larger lava pond, ~50 m wide, drained forming a circular collapsed structure 334 intermittently supplied by lava through overflows from the eruptive fissure (Fig. 3b-d) . It did 358 not show any significant amount of inflation and its outline is not surrounded by pahoehoe 359 flows. The proximal portion of the lava flow field at the base of the eruptive fissure and 360 around Vent 1 is mainly of pahoehoe flows because this portion emplaced during the final 361 stages of the eruption by drainage of degassed lava at low output rate through the skylight 362 that replaced Vent 1 at the base of the eruptive fissure (Fig. 2a, 3e) . Most of the surface of 363 
Results
382
Pyroclastic cone 383
During the first week of the eruption, the explosive activity initially built up a spatter 384 rampart and then above it two cinder cones elongated NE-SW along the eruptive fissure 385 (Fig. 2a) 
Lava flow field growth 395
We have extracted the parameters of lava flow field growth, taking the maximum length of 396 the three arterial flows measured along their main axes at different stages of the eruption. 397 Figure 5 shows the expansion of Flow 1, Flow 2 and Flow 3 with time. Flow 1 displayed a 398 significant growth only during the first two days of the eruption, expanding more than 2.0 399 km on the first day, but its length remained stable at 2.9 km after 26 November, when the 400 lava was directed NNW along Flow 2. Flow 2 was the longest, reaching its maximum 401 length of ~ 7.9 km on 8 December. pahoehoe lava. The tube efficiency caused the lack of large surface aa flows (Fig. 2 c-g) , 429
thus the lava flow field was dotted with only small pahoehoe lobes. shown.
473 474
The second sector of lava tube to form was the longest, extending on the low slope 475 between Vent 1 and the N cliff of Bordeira, in the middle portion of Flow 2. This tube was 476 the down slope continuation of the proximal portion; it was about ~4.8 km long and formed 477 in about 10 days (Fig. 2c) . It led to the destruction of the two villages of Portela and 478
Bangaeira by fast-spreading lava flows erupted from first-order ephemeral vents at the E 479 margin of Flow 2 front. Indeed, on 16 December (Fig. 2c) , only small pahoehoe lobes were 480 spreading along the upper flow field, most of the lava being carried within the ~5.9 km 481 master tube to the N end of the lava flow field. 482
The third sector of lava tube to form was the ~1.1 km branch that fed Flow 3. It formed 483 much more slowly than the previous, because it started on 26 November but then stopped 484 between 29 November and 7 December. It was only after the halting of the Flow 2 front 485 that the middle portion of the lava field inflated, and a second-order ephemeral vent 486 opened on the W margin of the lava flow field, acting as a pressure-release valve [3 487 Calvari and Pinkerton, 1998 ]. It drained the flow field interior feeding Flow 3 with mostly 488 pahoehoe lava. The supply to Flow 3 ended by 23 December, and no further expansion of 489 presence of the tube system was confirmed in the proximal lava flow field by the skylight 504 observed during the field survey (Fig. 7c) , displaying a ~2-3 m wide lava tube located ~20 505 m below the flow surface. The skylight inner wall was coated by pahoehoe lava congealed 506 while dribbling inwards and showing final drainage of fluid lava within the upper tube (Fig.  507   7a-b) . 508
Thus, on the basis of the data here described, a master tube developed within the eruptive 509 fissure and along Flow 2 after just one week from the start of the eruption, and its growth 510 completed within about 10 days from the start of the eruption. This tube was responsible 511
for the fast lengthening of Flow 2, and formed a short branch to the W as soon as Flow 2 512 slowed down when encountering the N cliff of Bordeira. The magma inside the tube then 513 accumulated upslope inflating the lava field and eventually feeding Flow 3. The path of 514 Flow 2 was dictated by the line of maximum steepness [55], but its expansion was 515 probably favored also by the smooth surface of the paved road crossing the Cha Caldera 516 from S to N, given that most of the road had been covered by lava, as already happened 517 also during the 1995 eruption [39] . 518
In order to estimate the quantity of magma intruding the lava flow field and causing its 519 inflation, we have compared the measurements of SR derived from SO2 flux 520 measurements, and the TADR derived from satellite [30] . Although the measurements of 521 SO2 flux, and then of SR, are lacking for the first three days of the eruption, we can 522 assume that at that time there was no difference between supplied and erupted magma, 523
given that the lava flows were spreading with no significant surface cooling (Fig. 2b) , and 524 that there was no inflation or endogenous growth of the lava flow field. The difference 525 between SR and TADR increased significantly after 9 December, as soon as December when also Flow 3 stopped advancing (Figs. 5-6 ), and only small pahoehoe flow 534 lobes were observed on the proximal lava flow field (Fig. 2e) . Flow 3 stopped after coming 535 up against the W Bordeira wall and following a significant decline in the output rate [30] . At 536 this stage, the supply of lava was not sufficient to keep the ~5.9 km long tube active. Lava 537 thus poured out from the base of the eruptive fissure [Richter et al., 2016] , thickening the 538 proximal lava flow field with a pahoehoe fan of lava from the skylight that eventually 539 drained at the end of the effusion (Figure 7) . This is the second major inflation stage of the 540 lava flow field, not followed by major lava flow expansion. This is probably due to the 541 confining effect of the lava crustal growth [9] . By the end of the eruption, the erupted 542 volume estimated by satellite measurements is 26.5 ± 3.2 × 10 
Conclusive remarks 586
The 2014-15 eruption at Fogo volcano developed a ~5.9 km long lava tube system that 587 started from the eruptive fissure that became sealed in just six days after the start of the 588 eruption. The master tube soon propagated within the arterial Flow 2, following the line of 589 maximum slope and probably also the smooth paved road of access to the Cha Caldera. 590
When Flow 2 stopped against the N Bordeira cliff, the lava flow field inflated and 591 eventually led to vent opening at the E margin of its front with lava flows that destroyed the 592 villages of Portela and Bangaeira. At this stage, further lengthening of the lava flow field 593 was probably prevented by surface crust cooling. Thus the lava feeding the eruption 594 accumulated upslope, inflating the proximal flow field and causing a fast spreading of Flow 595 3 during the second half of December. This is also when the difference between SR and 596 TADR increased significantly (Figs. 5-6), causing inflation and endogenous growth of the 597 lava flow field. When also Flow 3 halted, we recorded a growing difference between SR 598 and TADR and a significant inflation of the lava flow field. However, the low SR of this 599 stage and the containment offered by the cooling crust did not allow further expansion of 600 the lava flow field, and only proximal minor pahoehoe lobes increased the thickness of the 601 lava flow field. We have estimated that by the end of the eruption, ~31% of the lava 602 emplaced endogenously. We suggest that early detection of flow inflation might help 603 recognize on time the destructive power of a lava flow field in time to help prevent further 604
devastation. 605 606
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